This study examines the response of tropical precipitation extremes to warming in organized 5 convection using a cloud-resolving model. Vertical shear is imposed to organize the convec-6 tion into squall lines. Earlier studies show that in disorganized convection, the fractional 7 increase of precipitation extremes is similar to that of surface water vapor, which is substan-8 tially smaller than the increase in column water vapor. It has been suggested that organized 9 convection could lead to stronger amplifications. 
Introduction

25
The response of the hydrological cycle to climate change has many societal impacts. Both 26 changes in mean precipitation and in precipitation extremes are expected with an increase in 27 surface temperatures. It is well known that the change in global mean precipitation is con- it help explain the sensitivity to shear?
138
The next section describes the numerical experiments, which are also listed in Table 1 . tion §3 examines the response of mean precipitation to warming for different shear values.
140
Section §4 describes the response of precipitation extremes, which are analyzed further in §5 141 using an approximate scaling for precipitation extremes. Conclusions are offered in §6.
142
Numerical simulations 143
The CRM used in this study is the System for Atmospheric Modeling, or SAM [version analyzed.
155
All simulations are three-dimensional on a square, doubly-periodic horizontal domain.
156
The vertical grid has 64 levels (capped at 27 km with a rigid lid) with the first level at 37.5 m and grid spacing gradually increasing from 80 m near the surface to 400 m above 5 km,
158
and a variable time step (10 s or less to satisfy the Courant/Friedrichs/Lewy condition).
159
The surface fluxes are computed using Monin-Obukhov similarity. profiles are used: zero shear ("Shear0"), critical shear ("Shear1") and supercritical shear The time and space mean precipitation satisfies the mean energy budget of the atmo-
211
sphere: critical shear is robust throughout all the cases, but the strongest decrease at low resolution 236 might be an artefact of the coarse resolution.
237
The small increases in precipitation intensity in our simulations are at odds with results
238
from Singleton and Toumi (2012) who find a 1.5 × CC increase in storm-averaged rainfall.
239
This might be the consequence of the uniform vertical warming that they use, which increases 240 the atmospheric instability and hence likely overestimates vertical velocities in updrafts. has the largest number of points).
251
In order to initiate our study of precipitation extremes, we compute the distribution of Singleton and Toumi (2012) also observe a change in the behaviour of extremes at an in an extreme event, P e , is approximately given by (MOB11)
where ǫ denotes precipitation efficiency as defined in MOB11 although the qualitative results are unchanged when using saturation specific humidity. We 332 will come back to the interpretation of the scaling and its relationship to water vapor in §5c.
333
If changes in the precipitation efficiency are neglected, then from (2) fractional changes
334
in P e are given by the scaling relation:
on the middle panel of Fig. 10 . The other cases (SMLDMN and LOWRES) look similar.
338
In fact, all the results discussed here and in the following sections hold in all the cases, We can further decompose the scaling into two components, a thermodynamic compo-348 nent involving the change in dry static stability δ(∂ < s >/∂z), and a dynamic component 349 involving the change in upward mass flux δρw (neglecting second order terms):
351
The right panel of Fig. 10 shows the thermodynamic and dynamic contributions to the 352 scaling. We see that to first order, the rate of increase of precipitation extremes has the same 353 magnitude as the thermodynamic scaling, which has a similar value for all shears, smaller vapor specific humidity, it follows from (3) that
377
If we further assume that a representative value ofρw is its value at 500 hPa (around 6 km), 378 then a rough scaling would be:
380
An alternative way to derive this scaling is to assume that in areas with strong convection, 381 the precipitation is equal to the total water vapor horizontal convergence in the boundary
384
From mass conservation, the horizontal convergence in the boundary layer is equal to the 385 vertical mass flux in the convective updraft ∇ h (ρu h ) BL ≈ (ρw) 500 , so that precipitation 386 extremes scale with
388
The fractional changes in the scaling (7) are shown on the middle panel of Fig. 11 critical shear than it is with supercritical shear, which explains the larger rates of increase 397 of (7) with supercritical shear.
398
The top panels of with supercritical shear it strenghtens extremes.
446
The dynamic contribution is small but is responsible for the different behaviours with differ- 
451
This is consistent with MOB11 who find that without organization, the changes in pre- 
465
In the tropics, using column water vapor as a proxy for the rate of change of precipita- Table 1 for a description of the runs). without shear, convection is not organized and resembles "pop-corn" convection. Middle panels: with critical shear (decreasing linearly from 10 m s −1 at the surface to 0 at 1km), the convection organizes into a squall line perpendicular to the shear (the shear is in the x direction). Bottom panels: with supercritical shear (twice the critical shear), the lines are oriented at an angle of about 45
• , so that the projected shear is critical. Table 1 for a description of the runs). Without shear the convection is disorganized. . Changes in mean precipitation, precipitation intensity, precipitation frequency, precipitable water and near-surface specific humidity (first model level z = 37.5 m) in the various cases (see Table 1 for a description of the runs). All the quantities shown are changes in time-domain averages and are given in % K −1 . Table 1 for details) and shears. All the values are in %. The changes in precipitable water and near-surface specific humidity are shown as gray solid and dashed lines respectively. To ease comparison, the curves for various shears are superimposed on the right panels. Fig. 10 , but the middle and right panels show changes in the rough estimate (7) (ρw) 500 < q v > BL (where < . > denotes time and spatial mean). Its thermodynamic part is δ < q v > BL , and its dynamic part is δ(ρw) 500 . All the values are in %. 
